Ionization in Solids and Liquids
A detailed description of the ionization processes in solids and liquids is beyond the scope of this report. Accordingly, Wis considered to be defined only for a situation where ionization current can be observed experimentally. Examples are given in the following sections.
Experimental procedures for liquids and solids are similar to those used for gases, but observations are mostly made in pulse-mode. 6.1 Solids
6.1.l General
The literature about solid-state detectors is very extensive. No attempt is made here to present a detailed review. The information given should be used as a guide to recent articles from which further references can be found.
Several materials have been used as solid-state ionization chambers: Si, Ge, diamond (e.g., Kozlov et al., 1974) , CdTe (e.g., Dabrowski et al., 1975) , GaAs, GaP, SeC, PbO, InSb, etc. (Brown et al., 1969; Bertolini et al., 1973) . The remarkably low values of w 10 (of the order of 3 e V) can be explained qualitatively by an understanding of the changes occurring in the aggregation of a gas into a solid. The energy levels of isolated atoms broaden into conduction and valence bands in the solids. The energy gap, Eg, between valence and conduction bands is typically 1 eV, compared to ionization energies of 10 e V for gases. Similar to the situation in a gas, the energy deposited in the solid is divided into threshold energy needed to produce hole-electron pairs, energy dissipated as phonons and residual kinetic energy insufficient to produce ionization. Details are discussed in Shockley (1961) , Klein (1968 ), Antoncik (1971 ), and Hansen (1964 . A simple expression will thus give an approximate relation w/eV = aEg/eV + b between w and Eg, where a and b are constants for a given particle and material. For alpha particles in Si, a ~· 1.84, b ~ 1.57 (Stuck et al., 1973; Brown et al., 1969) .
Thus, for solid silicon Wa = 3.62 e Vat 300 K. For gas phase silicon, a theoretical calculation gives the value 10 In the solid state detector literature, w is usually denoted by f, the average energy of formation of a hole-electron pair. Usually no distinction is made between Wand w. 33 w = 12.5 eV for 10 keV electrons (Inokuti et al., 1976 ).
Applications
Solid-state detectors are mainly used for the measurement of photon and charged-particle spectra. Detailed discussions are found, e.g., in Brown et al. (1969) , Adams and Dams (1970) , Dearnaly and Northrop (1963) , Bertolini and Coche (1968), and Bertolini and Restelli (1975) . Usually, the detectors are calibrated for the energy dependence with alpha particles or photons from radioactive sources (see, e.g., Legrand, 1973) . A knowledge of W or w then is unnecessary, but the particle and energy dependence of Wand w must be considered.
WValues
Some absolute W values are given in Table 6 -I. Many publications concerning solid-state detectors appear in IEEE Transactions on Nuclear Science and in Nuclear Instruments and Methods. In both of these journals, references to earlier work frequently are incomplete. The value of Win solid-state detectors depends on a variety of effects. A general discussion is found in Brown et al. (1969) and the references given above.
Basic Physical Effects Influencing W
The differential energy-loss spectrum, u(E, E), for inelastic collisions (where Eis the energy loss in a collision, see Section 3) in a given material depends on both particle type and energy. This probably is the reason for particle and energy dependence of W. In addition, atomic ("nuclear") collisions cause energy losses of the particle without resulting ionization.
6.1.4.l Particle Dependence of W. A difference of about 1.8 percent in the pulse height produced in silicon detectors by 8. 78 Me V alpha particles and protons of the same energy was reported by Tschalar (1964) . The effect has been confirmed by Kemper and Fox (1972 ), Langley (1973 ), and Martini et al. (1975 . Similarly, W a/We ""' 0.983 (Brown et al., 1969) and W 0 /We = 0.987 (Martini et al., 1975) . For "channeled" ions of iodine and argon, Moak et al. (1966) found W equal to the W value for unchanneled alpha particles within 1 percent. It is conceivable, though, that the delta-ray spectrum of unchanneled ions would be different from that for channeled ions, and W thus would be different too.
6.1.4.2 Energy Dependence of W. For silicon, it has been shown that W is constant for protons of energies 50 keV < E < 500 keV (Bichsel and Liu, 1963) to within 1 percent and for 3 MeV < E < 18 MeV (Tschalar, 1967) to within about 0.1 percent (the energy of the incident particle was, of course, reduced by the energy loss in the surface layer). From the measurements by Langley (1973) it can be inferred that Wis constant for protons and alpha particles with 0.3 Me V < E < 2.5 Me V if a correction for nuclear collisions is included. The correction amounts to ""' 1 ke V for protons and several ke V for alpha particles. For heavy ions (argon and iodine), Moak et al. (1966) also found W to be constant if channeled ions are observed (i.e., if nuclear collisions are essentially excluded). Steinberg et al. (1972) describe an energy dependent "residual defect" for heavy ions, which could also be interpreted as an energy dependence of W.
For Ge detectors, linearity to better than 0.05 percent has been observed for photons of energies between 0.5 and 10 MeV (Levy and Ritter, 1967) . For protons and alphas, a negligibly small energy dependence of W can be inferred from the data of Martini et al. (1975) for energies greater than 10 MeV.
We for silicon has been measured for electrons with energies from 115 ke V to 1048 ke V by Pehl et al. (1968) and for electrons released in the silicon by photons generated at potentials of 10 to 30 kV by Greening et al. (1969) . The values of We adjusted to 300 K were (3.67 ± 0.02) eV and (3.68 5 ± 0.02) eV, respectively; values in good agreement with W"' = 3.62 e V (Section 6. L 1) and Wa!We = 0.985 (Section 6.1.4.1) which gives We= 3.675
eV. Thus, We shows no significant variation from 3.68 e V over a range extending from a few ke V to over 1 MeV.
6.1.4.3 Temperature Dependence of W. Key and Rabson (1971) observed an increase of several percent in W for temperatures decreasing from 300 K to 70 K and 20 K. The effect has been confirmed by many others (e.g., Stuck et al., 1973) . Recombination and trapping can reduce the number of observed electron-hole pairs, resulting in saturation effects.
Effects Related to Technology
Charge collection processes are not yet fully ex-plained. Precautions relating to saturation are similar to those used in gas ion chambers (Seibt et al., 1973) . The problems are especially serious for very heavy ions (e.g., fission fragments), see, e.g., Henschel et al. (1975) and Hansen (1971) . 6.1.5.l. Insensitive Surface Layers. A gold layer needed as a contact for the applied voltage will cause the incident charged particles to lose some energy. It is also possible that a thin top layer of silicon or silicon oxide does not contribute to the ionization. The effect is discussed, e.g., by Bichsel and Liu (1963) , Hanke and Bichsel (1970 ), Siffert et al. (1967 ), Langley (1973 ), Finch and Rodgers (1973 ), Steinberg et al. (1972 ), and Grob et al. (1975 .
6.1.5.2. Ionization or Pulse Height Defect. The effects discussed above, together with losses due to imperfections in the material and others, frequently are described in terms of a pulse height defect, Ll. At fairly large energies, it is usually observed that pulse height is approximately proportional to the particle energy reduced by Ll.
The defect depends on the mass of the incident particle (Brown, 1973) . The effect is discussed for fission fragments by Forgue and Kahn (1967 ), Finch and Rodgers (1973 ), Finch (1973 ), Henschel et al. (1975 ), Seibt et al. (1973 , for other heavy ions by Brown (1973), Steinberg et al. (1972 ), Bilger et al. (1963 ), and Sattler (1965 . Grob et al. (1975) describe measurements for N and Si ions with energies between 0.3 and 2 Me V and assume that for channeled ions, a pulse-height defect is due only to the energy loss in the surface layer (similar to the measurements by Moak et al., 1966) . For ions incident at random directions, the pulse-height defect can be explained quantitatively by assuming that nuclear collisions contribute no further ionization. For protons and alpha particles, L1 is expected to be quite small (of the order of 10 ke V) (Hanke and Bichsel, 1970). 6.1.5.3 Other Effects. Kugele and Weber (1975) found a change of pulse heights in magnetic fields (possibly caused by a change in the silicon dead layer). Of some importance is the change in rise time with various conditions (Henschel et al., 1975; Seibt et al., 1973; Radeka, 1972) . Other considerations are described in Brown et al. (1969) and Stuck et al. (1973) .
Energy Resolution of Solid-State Detectors
The stochastic nature of the ionization processes causes a statistical distribution of observed pulse heights ("straggling"). Many studies have been concerned with a determination of the "Fano factor" (Fano, 1947; seep. 11) , which is the ratio of the variance to the mean of the number of ion pairs produced (Bilger, 1967; Alkhazov et al., 1967; Brown et al., 1969; Pehl and Goulding, 1969; Di Cola and Farese; 1967) . Values of this factor below 0.1 have been reported. Usually, the Fano factor reduces the importance of the statistical fluctuations to a negligible amount in the observed line width of a given detector. The following effects also contribute to the line width (see, e.g., Brown et al., 1969): (1) electronic noise of amplifier;
(2) energy spread of particle beam (e.g., thickness of alpha sources); (3) thermal and other noise of detector; (4) straggling in surface layers; (5) pulse pile-up effects; (6) stability of analyzing system with time; (7) rise-time effects; (8) inhomogeneities in the electric field, causing variation in recombination.
Liquids
In liquids, it frequently is difficult to achieve ion collection reasonably close to saturation. In hexane, Horneck (1972) uses electric fields of up to 2.5 MV /m and achieves an ionization current less than 10 percent of the saturation current (extrapolated with the Jaffe theory). He quotes W = 26 eV for 13.5 MeV neutrons (1975) report W = 15.6 ± 0.3 eV for liquid Xe and W = 20.5 ± 1.5 e V for liquid Kr. A detailed description of the methods and observations used in liquid Ar and Xe is given by Shibamura et al. (1975) . All of these values are lower than the values for the gases (see Table 6 -11 ). An explanation is presented, with arguments similar to the ones given above for Si. It is also suggested that the Fano factor for liquid Xe may be very small, making the substance advantageous as a detector material. For a mixture of Ar and Xe, a reduction in Wis observed (Kubota et al., 1976) A review, "Yields of Free Ions Formed in Liquids by Radiation," containing extensive data has recently been published by Allen (1976) .
